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(54) Apparatus and method for control of biopolymer translocation through nanopore 

(57) The present invention provides an apparatus 
and method for controlling the movement of a biopoly- 
mer translocating a nanopore. The invention provides a 
first electrode, a second electrode adjacent to the first 
electrode, a third electrode adjacent to the second elec- 
trode and a fourth electrode adjacent to the third elec- 
trode. The first electrode is in electrical connection with 
the third electrode to define a first set of electrodes and 
the second electrode is in electrical connection with the 
fourth electrode to define a second set of electrodes. A 
DC voltage and radio frequency voltage is applied to the 
first set of electrodes while an opposite DC voltage and 
phase shifted radio frequency voltage is applied to the 
second set of electrodes to produce an electric field be- 
tween the first set of electrodes and the second set of 
electrodes. The electric field is used to control the move- 
ment of a biopolymer translocating a nanopore. A meth- 
od for controlling the movement of a biopolymer is also 
disclosed. 
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[0001] The invention relates generally to the field of biopolymers and more particularly to an apparatus and method 
for control of the movement of a biopolymer during translocation of a nanopore. 



BACKGROUND 



[0002] Manipulating matter at the nanometre (nm) scale is important for many electronic, chemical and biological 
advances (See Li era/., "Ion beam sculpting at nanometer length scales", Nature, 412: 166-169, 2001). A number of 
sequencing techniques have been proposed at the micrometer and nanometer scale in response to the human genome 
project. These techniques have been largely developed to help characterize and understand expression of genes in 
vivo. A popular technique uses micro arrays and hybridization of cDNA to determine the presence or absence of a 
particular target gene. A target gene and probe are exposed in solution and bind if relative hybridization sequences 
match. Hybridization is indicative of the presence of the sequence or target gene. A dye may be employed with the 
target or probe to then determine existence and efficiency of hybridizations. The technique has been extended for use 
in determining the presence of single nucleotide polymorphism (SNP'S) in target cDNA. Micro arrays provide the prom- 
ise of being able to accurately and concurrently screen for a variety of diseases in a particular patient. Theoretically, 
a patient should be able to enter a hospital, have blood taken, DNA extracted and genes sequenced. The sequencing 
methods provide for a genetic blue print of the individual. This provides patient specific information to doctors regarding 
susceptibility towards disease or existence of genetic abnormalities. A few major drawbacks of the micro array tech- 
nique concern difficulty in manufacturing as well as the long time for effective hybridizations between probe and target 
(generally overnight to maintain high specificity). In addition, the large amounts of genomic DNA in a patient would 
require an inordinate amount of time and work. Therefore, new techniques are now being explored to more quickly 
sequence biopolymers. Systems that are on the nanoscale are both effective on resources (limited materials), but also 
may more closely mimic the processes already present in living cells (i.e. translocation processes). Therefore, nanopore 
technology has become a fundamental field area of interest to molecular biologists and biochemists alike. 
[0003] It has been demonstrated that a voltage gradient can drive single-stranded biopolymers through a transmem- 
brane channel, or nanopore (See Kasianowicz etaL, "Characterization of individual polynucleotide molecules using a 
membrane channel", Proc. Natf. Acad. Sci. USA, 93: 13770-13773, 1996). During the translocation process, the ex- 
tended biopolymer molecule will block a substantial portion of the otherwise open nanopore channel. This blockage 
leads to a decrease in the ionic current flow of the buffer solution through the nanopore during the biopolymer trans- 
location. The passage of a single biopolymer can be monitored by recording the translocation duration and the blockage 
35 current, yielding plots with predictable stochastic sensing patterns. From the uniformly controlled translocation condi- 
tions, the lengths of the individual biopolymers can be determined from the translocation time. Furthermore, the differing 
physical and chemical properties of the individual bases of the biopolymer strand can in principle generate a measurable 
and reproducible modulation of the blockage current that allows an identification of the specific base sequence of the 
translocating biopolymer. 

40 [0004] Another method for detecting a biopolymer translocating through a nanopore has been proposed. This tech- 
nique is based upon quantum mechanical tunneling currents through the portion of the translocating strand as it passes 
between a pair of electrodes. Measuring the magnitude of the tunneling current would be an electronic method of 
detecting the presence of a translocating biopolymer, and if the conditions were adequately controlled and the meas- 
urements sufficiently sensitive, the sequence of constituent bases could also be determined. One of the primary mo- 

45 tivations for this approach is that typical tunneling currents in scanning tunneling microscopes are on the order of 1 -1 0 
nanoamps, which is two to three orders of magnitude larger than the ionic currents observed during polymer translo- 
cation of 2 nanometer nanopores, as described above (See Kasianowicz etaL, "Characterization of individual polynu- 
cleotide molecules using a membrane channel", Proc, Natl. Acad. Sci. USA, 93: 13770-13773, 1996). 
[0005] Both of the techniques described above have major implementation challenges for detecting biopoiymertrans- 

so location, characterizing the length of a stand, and ultimately performing sequencing of the constituent bases of the 
biopolymer. One of the primary difficulties is that the biopolymer is not constrained to pass through the center of the 
nanopore. Thus, there is an intrinsic variability between different translocation events, as well as potential variability 
during a single translocation as the possibility of lateral movement within the nanopore is assumed. The effects of this 
lateral displacement can be manifested in a number of ways for the two detection schemes described above. 

55 [0006] For the first detection scheme that consists of measuring the magnitude of the reduced ionic current flow 
during translocation, lateral displacement of the translocating biopolymer can have two significant effects. First, if the 
biopolymer is moved away from the center of the nanopore, interactions with the watis of the nanopore itself would 
cause additional drag, causing the speed of the translocation to decrease. This variability would cause the measure- 
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ment of the biopolymer length determined from the calibrated translocation time to be in error. In fact, it is not incon- 
ceivable that the translocating biopolymer could move far enough off the nanopore center that it could actually bind 
intermittently along the walls of the pore channel , either through molecular interactions or purely conformational binding 
of the biopolymer strand. The second significant effect that a lateral displacement of the translocating molecule would 

5 have is the potential change in the ionic blockage current. It is well known that the shape of an aperture can have 
significant effects on hydrodynamic flow. It is also self-evident that these effects become even more significant in the 
molecular flow regime, where the molecular size is on the order of the aperture. For this reason, it is expected that 
lateral displacement within the nanopore of the translocating biopolymer will cause significant variability in the magni- 
tude of the measured ionic blockage current, making more difficult the job of differentiating the various bases by their 

10 blocking efficiencies, as described above. 

[0007] For the second detection scheme, which consists of measuring quantum mechanical tunneling currents 
through the portion of the translocating biopolymer as it passes between a pair of electrodes, lateral displacement of 
the translocating strand can have two significant effects. As described for the first detection scheme, if the biopolymer 
is moved away from the center of the nanopore, interactions with the walls of the nanopore itself would cause additional 

*s drag, causing the speed of the translocation to decrease. This variability would cause the measurement of the biopol- 
ymer length determined from the calibrated translocation time to be in error. Secondly, it is well known that the tunneling 
current has an exponential dependence upon the height and width of the quantum mechanical potential barrier to the 
tunneling process. This dependence implies an extreme sensitivity to the precise location in the pore of the translocating 
molecule. Both steric attributes and physical proximity to the tunneling electrode could cause changes in magnitude 

20 of the tunneling current which would be far in excess of the innate differences expected between base-types under 
ideal conditions. For this reason, it is expected that lateral displacement within the nanopore of the translocating bi- 
opolymer will cause significant variability in the magnitude of the measured tunneling current, making more difficult the 
job of differentiating the various bases by their tunneling characteristics, as described above. 

[0008] For all these reasons, variability of the lateral position of a biopolymer translocating a nanopore can cause 
25 significant problems, regardless of the detection scheme. A method of controlling the dynamics of the translocation 
process would provide many advantages over the present situation. These and other problems with the prior art proc- 
esses and designs are obviated by the present invention. The references cited in this application infra and supra, are 
hereby incorporated in this application by reference. However, cited references or art are not admitted to be prior art 
to this application. 
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SUMMARY OF THE INVENTION 



[0009] The invention provides a method and apparatus for controlling movement of a biopolymer through a nanopore. 
The apparatus of the invention comprises a first electrode, a second electrode adjacent to the first electrode, a third 

35 electrode adjacent to the second electrode and a fourth electrode adjacent to the third electrode. The first electrode 
and third electrodes are in electrical connection and define a first set of electrodes. The second electrode and the 
fourth electrode are in electrical connection and define a second set of electrodes. A DC voltage and radio frequency 
voltage is applied to the first set of electrodes, while an opposite DC voltage and phase shifted radio frequency voltage 
is applied to the second set of electrodes to produce an electric field between the first set of electrodes and the second 

40 set of electrodes. The electric field that is created is used to control movement of a biopolymer as it translocates through 
a nanopore. A plurality of electrodes or sets of electrodes may be used with the present invention. The electrodes may 
be positioned in a variety of arrangements or locations to define the nanopore or an optional substrate may be employed 
that comprises at least one nanopore. 

[0010] The invention also provides a method for controlling the movement of a biopolymer through a nanopore, 
45 comprising applying a DC voltage and radio frequency voltage to a first set of electrodes, applying an opposite DC 
voltage and phase shifted radio frequency voltage to a second set of electrodes to produce an electric field between 
the first set of electrodes and the second set of electrodes to control movement of a biopolymer as it translocates 
through a nanopore. The method may comprise the use of one or more sets of electrodes or substrates. 

50 BRIEF DESCRIPTION OF THE FIGURES 

[0011] The invention is described in detail below with reference to the following figures: 

FIG. 1 A is a schematic representation of a first embodiment of the present invention. 
55 FIG. 1B is a schematic representation of a second embodiment of the present invention. 

FIG. 2A shows a schematic representation of a third embodiment of the present invention. 

FIG. 2B shows a schematic representation of a fourth embodiment of the present invention. 

FIG. 3 shows a cross-sectional view of the RF-quadrupole potentials also showing the parameters described in 
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the text. 

FIG. 4 shows a stability diagram of the Mathieu equation solutions as a function of the parameters a u and q u 

™° WS a , VP S ° ,Uti0n ° f the Mathi6U 6qUati0n f0r P aram *ter voices that generate a stable trajectory 
The component micromotion and macromotion are more clearly shown. 

DETAILED DESCRIPTION OF THE INVENTION 

Before describin 9 1 *e present invention in detail, it is to be understood that this invention is not limited to 
hoir P °f °T" St ^ S> ° r equipment - as such ma V va »V « is also to be understood that the terminology 

r^t ?T ■ k PUrP ° Se ° f describin 9 P articular embodiments only, and is not intended to be limiting. Methods 

o^rof ZTl^T V ° rd6r ° f the reCitSd eV6ntS that are '°9 ical| y possible - a * well as the recited 

order of events Furthermore, where a range of values is provided, it is understood that every intervening value between 

wZThl S2 t W6r T °! that ran9e ° ther Stat6d ° r inte ^ enln 9 value in that stated range Is encompassed 

forth «„h '" Vent ' 0n , AI S0 ' « ,S ftemplated that any optional feature of the inventive variations described may be set 
m2™ . . T J Pe ently ' ° r in combination with any one or more of the features described herein 

h S d f in ° d 0,nerwise below - a " technical and scientific terms used herein have the same meaning as 

SSZS^^^T^ skin in the art t0 which this invention belongs sm - certain 

20 KL.lT"! 1 b ! n0 / Sd ^ f US6 u d tHiS s P ecification and the appended claims, the singular forms "a", "an" and 
"1. C '" * p,Ural r ^ erents unless the contex t clearly dictates otherwise. Thus, for example, reference to "a biopol- 
r^^! 7. T bl0p0 'y mer ' and reference t0 " a ^Itage source ■ includes more than one voltage source, 
sefourbetow 6Sent inVe " ti0n ' thefollowi ng terminology will be used in accordance with the definitions 

c A " biop0ty ™ et " is a P o| V mer of one or more types of repeating units. Biopolymers are typically found in bio- 
Edl ooSntfH Pa H° f V ": ClUde P0lvsaccharides < sucn a * carbohydrates), peptides (which term is used to 
T™<£ T P , Pr ° l f mS) and bi °P 0| y mers as we " as their analogs such as those compounds composed of 

Z^EST* t ac,dana, °9 s or "on-amino acid groups, or nucleotide analogs or non-nucleotide groups. This 

baserhas'b^n" r h f h ( ° r Synth6tiC ° r natUra " y ° CCUrrin9 anal °9 S > in Which one ° r ™e <* the conventional 
such « It T ^ W l a ^° UP (natUra ' ° r Synth6tiC) Capable ° f P artic iP a ting in hydrogen bonding interactions, 
wher IT r; W °, bbte tyPe and the " ke - Biopo| y me rs include single or multiple stranded configurations 
where one or more of the strands may or may not be completely aligned with another 

[0016] A "nucleotide" refers to a sub-unit of a nucleic acid and has a phosphate group, a 5 carbon sugar and a 
»S en r I"'" 9 b , aSe ' 88 We " 95 functional anal °9 s (whether synthetic or naturally occurring) of such sub-units 
Z^nlr I , P Vme : T ( ? 3 bi °P° , y m6r ) can h ybri d ize with naturally occurring biopolymers in a sequence specific 
manner analogous to that of two naturally occurring biopolymers. Biopolymers include DNA (including cDNA) RNA 

t°h^ U ^n f G h S ' T d T and ° th6r bi °P°'y mers as described U S. Patent No. 5,948,902 and references cited 
HZTS ° f Wh,ch are a,so '"corporated herein by reference), regardless of the source. An "oligonucleotide" generally 
mu^ e rh fl vinn mu ; ,mer f ° f about 10 t0 100 nucleotides in length, while a "biopolymer- includes a nucleotide 
mummer having any number of nucleotides. A "biomonomer" references a single unit, which can be linked with the 
of K^th r ° b,0mon i omers to form a ^Polymer {e.g., a single amino acid or nucleotide with two linking groups one 
or both of which may have removable protecting groups). 

St°IhoH The t6mi " SUbstrate " or " s " b strate surface" are synonymous and refer to the material an electrode may be 
attached, comprise or be embedded in. 

En^L J h !, teml " movernent " sha " ha ve broad based meaning. The term shall include lateral, forward, backward 

00^191^ ^- adVanCem t ntS 0r „ dis P laceme n* of a biopolymer or portions of a biopolymer through a nanopore.' 

I f n»no V° !' n9 Within " and/ ° r 3 P0rti0n that mav also be exterior t0 F °r instance a biopolymer 

in a nanopore may mean that the whole biopolymer is within the opening of the nanopore or only a small portion of 

so mnom P °lr e » r " ^ nano P ore wlth a substantial portion protruding exterior to the nanopore. 

ESS t m nano P ore - refers to any pore or hole between at least a pair of electrodes or a hole in a solid 

bee?rougWy a 2-20nm Can ran96 ^ ran9S fr ° m 1 ^ l ° ar ° Und 3 °° " m M ° St effeCtive na "opores have 

Sfned d7rect!or "* tranSlOCati ° n " ° r t0 "translocate" refers to movement from one side to another, or movement in a 

55 un^lm^-™ " P ,° rti0 T ° r " P ? rti ° n ° f 8 biopo| y me r" refers to a part, subunit, monomeric unit, portion of a monomeric 
unit, atom, portion of an atom, cluster of atoms, charge or charged unit 

neafl J~,rlT t^T' " re,6rS l ° anWhin9 ^ iS near ' next l ° ° r ad j° inin 9 For instance, a nanopore may be 
near an electrode, it may be next to the electrode, or it may be adjoining the electrode. This would include spacing in 
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linear, two-dimensional and three-dimensional space. 

[0024] Referring now to FIGS. 1-2, the present invention provides a biopolymer translocation apparatus 1 that is 
capable of preventing lateral movement of a biopolymer 5 translocating a nanpore 3. The biopolymer translocation 
apparatus 1 comprises a first electrode 7, a second electrode 8, a third electrode 9, a fourth electrode 10 and a first 
voltage source 11 . The second electrode 8 is adjacent to the first electrode 7. The third electrode 9 is adjacent to the 
second electrode 8 and the fourth electrode 10 is adjacent to the third electrode 9. The first electrode 7 and the third 
electrode 9 define a first set of electrodes and are electrically connected. The second electrode 8 and the fourth elec- 
trode 1 0 define a second set of electrodes and are electrically connected. The present invention may employ a plurality 
of electrodes or sets of electrodes as further discussed below. 

[0025] The first electrode 7, second electrode 8, third electrode 9 and fourth electrode 10 are positioned to define 
the nanpore 3. Optional substrate 12 may also comprise the nanopore 3. The first electrode 7, the second electrode 
8, the third electrode 9 and the fourth electrode 10 may be positioned or deposited on, or comprise a portion of the 
optional substrate 12. 

[0026] The substrate 12 may have a top surface 17 and a bottom surface 19. The substrate 12 may comprise a 
variety of materials known in the art for designing nanopores. Such materials may comprise silicon, silica, solid-state 
material such as Si 3 N 4 , carbon based materials, plastics, metals, or other materials known in the art for etching or 
fabricating semiconductor or electrically conducting materials. The substrate 12 may comprise various shapes and 
sizes. However, it must be large enough and of sufficient width to be capable of forming the nanopore 3 through it. 
[0027] The first electrode 7, the second electrode 8, the third electrode 9 and the fourth electrode 1 0 may comprise 
a variety of electrically conductive materials. Such materials include electrically conductive metals and alloys of tin, 
copper, zinc, iron, magnesium, cobalt, nickel, and vanadium. Other materials well known in the art that provide for 
electrical conduction may also be employed. When the first electrode 7 is deposited on or comprises a portion of the 
substrate 12, it may be positioned in any location relative to the second electrode 8 and the fourth electrode 10. The 
electrodes 7, 8, 9 and 10 may be designed in a variety of shapes and sizes. 

[0028] The first voltage source 11 is electrically connected to the first electrode 7, the second electrode 8, the third 
electrode 9 and the fourth electrode 10. In certain embodiments each of the electrodes may be spaced along a longi- 
tudinal axis with a direct current (DC) voltage and a superimposed radio frequency (RF) potential. The first electrode 
7 and the third electrode 9 are connected and define a first set of electrodes and are at the same DC and RF potential, 
while the second electrode 8 and the fourth electrode 1 0 are electrically connected and define a second set of electrodes 
with an opposite DC voltage and RF potential phase shifted by 180 degrees. The invention should not be interpreted 
to be limited to two sets of electrodes. Other sets of electrodes or a plurality of sets of electrodes would be possible 
with the present invention. For instance, if the apparatus comprises a set of e.g. four, six, eight or more electrodes, a 
different design may be employed. For instance, an RF voltage Vcoson of amplitude V and frequency w/2n is applied 
to the first electrode 7, with alternate electrodes having equal amplitude and opposite phase. However, if the apparatus 
has four electrodes as discussed above, it can be optionally operated by applying voltages of U+Vcoso>x and - 
[U+Vcoson] to alternate electrodes as is well known in the art for quadrupole mass filters. In that embodiment, U is a 
DC voltage. U, V and oo are chosen for given dimensions and biopolymer mass to charge ratio ranges in the manner 
commonly known in the art for quadrupole mass filters. 

[0029] As previously described, the nanopore 3 may be positioned anywhere on the substrate 12. The nanopore 
may range in size from Inm to as large as 300 nm. In most cases, effective nanopores for identifying and sequencing 
biopolymers would be in the range of around 2-20 nms. These size nanopores are just large enough to allow for 
tranlocation of a biopolymer. The nanopore 3 may be created using any methods well known in the art. For instance, 
the nanopore 3, may be sculpted in the substrate 12, using ion argon beam sputtering, etching, photolithography, or 
other methods and techniques well known in the art. 

[0030] The biopolymer 5 may comprise a variety of shapes, sizes and materials. For instance, the biopolymer 5 may 
be a nucleotide, biopolymer, protein, peptide, amino acid, nucleic acid, nucleoside, carbohydrate, glycan, lipid, sphin- 
golipid, proteoglycan, antibody, etc.. The shape or size of the molecule is not important, but it must be capable of 
tanslocation through the nanopore 3. For instance, both single stranded and double stranded RNA and DNA may be 
used as a biopolymer 5. In addition, the biopolymer 5 may contain groups or functional groups that are charged. Fur- 
thermore, metals or materials may be added, doped or intercalated within the biopolymer 5 to provide a net dipole, a 
charge or allow for conductivity through the biomolecule. 

[0031] Referring now to FIG. 1 A, a first embodiment of the invention is depicted. The first electrode 7, the second 
electrode 8, the third electrode 9 and the fourth electrode 10 are all positioned on the top surface 17 of the substrate 
12 adjacent to the nanopore 3. The electrode 7 is positioned adjacent to the electrode 8. The electrode 8 is positioned 
adjacent to the electrode 9. The electrode 9 is positioned adjacent to the electrode 10. Each of the electrodes 7-10 is 
positioned in the same plane adjacent to the nanopore 3. As described above, the electrode 7 and the electrode 9 are 
electrically connected to define a first set of electrodes. In addition, the electrode 8 and the electrode 1 0 are electrically 
connected to define a second set of electrodes. 
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trade 8' adjacent to the fifth eSol « «lfl!h ■' ™ e add tl0nal electrodes include a fifth electrode T, a sixth elec- 
10' adjacent to the sev^ 

substrate 12. In this embodiment of the 'lS3S?Siii 7' 8 9 I^T T °' ° f be attached t0 the 
of substrate 12 adjacent to th« n* nnr ,ZL , L electrodes 7 .8 , 9 and 10'are positioned on the bottom surface 19 

the fifth electrode T The second electrode filt lZ!? » 9 electrode 7 is electrically connected to 

electrically c^^Z l^TZtoZ t^ZnZT, T * ^ lhtad e ' ectr ° de 9 is 

trade 10'. Similar to the design above tE ^ StLes 7 7' «r^ ■ 6,eCtr,Ca "y connected to the eighth e.ec- 
first set of electrodes In addition the'e 8 ?and To ^f^™*"* c °n"ected to the 9,9' electrodes ,0 define a 

electrodes. ' eiectroaes ar e electrically connected to define a second set of 

Sn^ f .r" 6 : 6mb0diments - the n, invention are depicted. These em- 
a static voltage or ramped voltage mode V l ° m ° mt0r qUantum tunnelin 9 in either 

movement of a biopolymer using the e ect c f eld a^ f ** ° f e,ectrodes - and controlling the 

Zat i'nd^^ 

employing RF^u-d^^SSS^S ^SZZ^lo^ ? T SpeCtrome »* where 
cause particles of different charae-to-m«« ™m«TJ! k charge-to-mass ratios down a propagation channel, and 

is detelned by iSfg^^SSSi^ the RF fte?d I T ^ SPeCified ™*> 

cross-section. As described * ^ . T' **" l °* f0nm 8 " uadru P°'e h 

potential that tends to force the charae^ L^h- for ** ropnate Parameterchoice, the RF field produces an effective 

travel down this axl "th an' Z Z£Z ZZT^TZt^ 1?"? *7T ^ ^ 

potential. If there are dissipative effecte ^sThe oan^L ™ T ^ * ° f the transverse effe <*ive harmonic 
are damped out, and the C^S^I S^" "* • the l ~ 

222^?^ 2 ° bi0P ° lymerS ^ ™ tra —^ a n-o P ore, 

to implement this effect The 7Jrt!Z?\ » T" Sh ° W thG a PP aratus of the present invention that is used 

openfng The ^^S^^Sl^^T^ * T* 8 " a PP roximate < uad "P°'° **> "n the nanopore 
of the biopo.ymers The effect iv^ *bS^ ^ ° S6n l ° 9Uide PartiC ' eS With the c "^ge-to-mass ratio 

the centerVthe nanopore ThiJ S^S^SSE!,' TfT T* »**" the transl ° ca «"9 «™nd to 
movement allows an unimpeded "unSlr^oc^^^ catalogued above, in particular, restriction of lateral 
ment. It should be notedTha, SlonSTa DC ZnZ'n^ Symmetric and contr °" ed ^e«ng current environ- 
trodes that contribute to ^^^S^^^ * ^ a " of e.ec- 

So?^^ ^ ^adruple field, which 

strar.,^fx e r S pa«r p St ' ^ b, ° P ° ,ymer ' " d6SCribeS thS r6St0rina force e * hi °«* d °" the moving 

Stene t r u ^ «1— «- *™ the effective forces 

P-ot (FIG. 4), that it S^J^^ <* » * seenfrom the stabi.ity 

0.91 >q u = 4e - 
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where e Is the electronic charge, m is the effective mass of the relevant portion of the biopolymer strand, r 0 is the radius 
of the quadrupole aperture, Q. and V are the angular frequency and amplitude of the RF voltage, respectively. The 
current nanopores would support an r 0 of approximately 1 0 angstroms. A typical nucleotide base has a mass of roughly 
400 amu, although the effective mass for a base that is part of a continuous strand would be significantly larger, and 
5 depend upon the rigidity of the total structure. For estimation purposes it will be assumed that the effective mass is 
approximately five times that of an individual base. With these parameter values, the requirement for stability (focusing) 
as expressed in the equation (1) is given by 

10 3<2x 10* 10 (2) 

where V is given in volts and F is the RF frequency in MHz. For an applied RF frequency of 1 .0 GHz, the quadruple 
would tend to guide the polynucleotide strand toward the center of the nanopore for an RF voltage amplitude satisfying 
f 5 the constraint 

V < 200 u. V. (3) 

20 The RF-voltage parameters are achievable for the configurations previously described. The present invention is de- 
signed to obviate the previously discussed problems. When operated in the guiding (stable) mode, the quadrupole 
fields force the biopolymer toward the center of the nanopore. This mitigates the problem of non-uniform translocation 
events due to intermittent interaction of the biopolymer with the nanopore walls. It also greatly improves the detection 
of the portion of the biopolymer being analyzed by minimizing the effects of variable ionic current flow due to random 

25 changes in the shape of the partially blocked pore. These random changes are largely due to lateral offsets of the 
biopolymer during translocation. For an electron tunneling detection scheme, confining the biopolymer to the center 
of the nanopore will eliminate the potentially large swings in the magnitude of the measured current by minimizing the 
variability of the proximity of the biopolymer to the tunneling electrodes. 

[0039] Another use of the present invention quadrupole structure is based upon operating the quadrupole with pa- 
30 rameters chosen to have the strand dynamics to be in the unstable regime, as defined in FIG. 4. For the parameters 
specified in the example described above, this would correspond to adjusting the amplitude of the RF-voltage above 
the level of the equation (3), i.e. 



35 



V > 200 u.V. (4) 



[0040] For this voltage, the lateral motion of the translocating biopolymer would be unstable, forcing it away from the 
center of the nanopore. For appropriate parameter choices, this would "pin" the biopolymer against the wall of the 
nanopore. Depending upon the structure of the nanopore walls, this could cause the translocation process to be halted 
40 in a controlled fashion. This ability to stop and resume translocation of the biopolymer in a controlled way has a number 
of useful applications. It could be used to slow down the rate of translocation, allowing more time for the base detection 
measurements. It could also be used to hold a portion of the biopolymer in place while the measurement was allowed 
to focus on one particular portion of the biopolymer. 

[0041] Although the invention is shown in FIG. 1 and FIG. 2, the invention is not limited to these particular embodi- 
45 ments. Other embodiments and structures are possible. For instance, the electrodes may have any generalized shape 
that produces approximate quadruple fields in the nanopore. Also, to increase the length of the region over which the 
quadrupole -biopolymer interaction occurs, multiple electrode sets can be employed. For example, electrode sets can 
be used on both sides of the nanopore, causing the quadrupole field to be more accurately maintained over the entire 
length of the nanopore. Additionally, higher multipole fields can be used, such as octupole fields. These embodiments 
50 have stability diagrams similar to the one described above and can be exploited in similar ways. This is the case even 
if the stability diagrams of these embodiments are less sharply defined. 

Example 1 

55 [0042] An example of the described device could be fabricated using techniques known to those skilled in the art. 
For instance, the nanopore can be made in a thin (500 nm) freestanding silicon nitride (SiN 3 ) membrane supported on 
a silicon frame. Using a focused Ion Beam (FIB) machine, a single initial pore of roughly 500 nM diameter can be 
created in the membrane. Then, illumination of the pore region with a beam of 3 KeV Argon ion sputters material and 
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Z£S f «^!!^ he hote , to "'^ dimorwlon or roughly 2 nM In dlarrwter CSm LI et al.. Naturo 412 166-169 2001) 

stulre X bVndi ITS ^ Tr ' ,n ? V eVa P° rati0 "' or ^ ^PO-tion means, to generate he Juadfupo.e 
h^fhJ ™h1 ? t 9 6 mStal electrodes allows connection to the RF voltage source The RF voltaqe source 
has the modest requirements of several hundred microvolts at a frequency of 1 .0 GHz. 



Example 2 



e™ trodet ^ooSd£?T " ^ W ° U ' d ^ to the ^ h0Wever ' and additi °™' se, of four 

w p^no Z RF v^SZ^ n P0Sm9 6 °' thS SUbStrate The SeCOnd set of electrodes are wired bonded in 
parallel to the RF voltage source, allow.ng coherent generation of the quadruple fields over the length of the nanopore. 

APPENDIX 



20 A1. RF-quadrupole basics 

ZTZTol eqU,POtent ' al SUrfaCeS be eaSHy det6rmined - The Cross secti °" a ' ^ dimens^na, pote2 



1(A1) 

'0 

[0046J The force on an ion with mass m and charge e from these fields is given by 

P = -e$Q> 

1(A2) 

which has the component forni 



m? . M _ 2e <*0 

mx — —e-sr— — — x 

dx 2 * 1(A3) 

my m ~% = + -r ? y 

r o J(A4) 

components" den0t6S differemia,i ° n With r6s P ect to time " th * aPP"* d Potential is generalized to include DC and RF 

55 *o= U- l/cos(«0. 1 (A5) 

then the equations of motion become 
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*+ -^((/- VcosiQO) x = 0 1(A6) 



y-2^(U- Vcos(n/))y = 0. 1(A7) 



These equations can be written in a canonical form, defining £ = 4202, 



2 

— % + (a u - 2q u cos(2^)) u = 0 1 (A8) 



which is recognized as the standard form of the much-studied Mathieu equation. For u = x 



a x =-|z2 U 1(A9) 



<tx=-^£-2 V 1(A10) 



and for u = y 



a y=-~ ? f^2 U 1 <A11) 



mi 



4e 



Qy='—2^ V ' KA12) 



[0047] Detailed discussions of the solutions of equation (A8) can be found in the literature (See Morse and Freshbach, 
Methods of Theoretical Physics," McGraw-Hill, New York (1953). For certain ranges of the parameters a u and g^the 
solutions are oscillatory and stable, and for the other regions the solutions are unstable, exhibiting exponential growth 
with time. Figure 4 shows the stable and unstable ranges of the parameters for equation (A8) in the region near the 
origin of parameter space. It is clear that, depending upon the voltages U and V, the RF frequency a, the field scale 
factor rQ, and the ion charge-to-mass ratio e/m, the tons will have stable (propagating) or unstable (non-propagating) 
trajectories as they travel down the RF-quadrupole device. This physical effect is exploited in mass spectrometry, to 
make instruments that selectively pass specified charge-to-mass ratio ions. The devices are tuned to the desired 
charge-to-mass ration by the adjustment of any combination of the voltage parameters. 

A2. Physical basis of RF-Quadrupole operation and ion trajectories 

[0048] At first glance, it may seem surprising that the Mathieu equation has solutions that are oscillatory and stable. 
Specifically, looking at one of the component dynamical equations for an ion in the quadrupole f 

i:+ ^(U- Vcos(ftO) jt = 0, KA13) 



ields for V>U, it is clearly seen that the restoring field is alternately positive (focusing) and negative (de-focusing). It is 
not obvious that for certain parameter choices the final effect can be net focusing. 
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[0049] To understand how this alternating focusing/de-focusing field of an RF-quadrupole can give stable and focused 
trajectories is best accomplished by investigating an analogous optical system. It is well known that a system of alter- 
nately focusing (converging) and de-focusing (diverging) lenses can create an optical structure that focuses and guides 
and optical beam. A property of lenses is that the refractive focusing (de-focusing) of a converging (diverging) lens is 
proportional to the distance of the ray from the optical propagation axis. As a result, a wide beam incident on a series 
of alternately focusing and defocusing lenses is strongly refracted toward the propagation axis as it passes through 
he first converging lens. As it passes through the next lens, which is diverging, it is less strongly refracted away from 
the propagation axis because its offset is relatively smaller than what it was as it passed through the first lens Similarly 
it passes through the next lens, which is converging, it is more strongly refracted back toward the propagation axis 
than it was refracted away from the propagation axis by the previous lens because its offset is now relatively larger It 
is clear that the net effect of this optical system is focusing of the input beam for appropriately chosen lenses and 
separations. 

A3. RF-guadrupole effective potential 

[0050] To gain further insight into the dynamics of the Mathieu equation, 

d 2 u 

( a u " 2q u cos(2^)) u = 0, 1(A14) 

It is instructive to generate solutions by numerical integration for a range of parameters within the stability region A 
typical solution has the form shown in Figure 5. The motion has two fundamental components. There is a smaller faster 
component which is at the frequency of the RF-drive voltage, referred to as the "micromotion" and a larger slower 
component which is reflective of the interaction of the ion with the time-averaged effective potential, referred to as the 
macromotion." Denoting the micromotion component by 8 and the macromotion component by R, the displacement 
takes the form 

30 R + 8. 1(A15) 

It is assumed that 5 « R, but^ » * Plugging equation (A 15) into (A 14), and keeping only the leading terms 

= - (a„ - 2^cos(2^)) R. 1(A16) 
For a u « and R approximately constant over a period of the RF, 
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which implies 



S = -^r cos(2*t) R > 1(A17) 



u ~ «-%-cos(2§)/?. 1 ( A18) 



so [0051] The Mathieu equation (A14) becomes 



2 

^~-(* tt -2 9l< cos(2£)) R (l -|fcos(2^. i (A 19) 
[0052] Averaging equation (A1 9) over a period of the RF-drive yields 
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1(A20) 



which can be written in real units as 




KA21) 



Equation (A21) describes the effective dynamics for the time-averaged macromotion of an ion in an RF-guadrupo!e 
field. Its solutions are simple harmonic functions, in response to an effective potential which generates a harmonic 
restoring force. This effective restoring force pulls the ions toward the axis of symmetry at the center of the quadruple 
field region. 



1 . A biopolymer translocation apparatus for controlling lateral movement of a biopolymer as it translocates through 
a nanopore, comprising: 

(a) a first electrode; 

(b) a second electrode adjacent to said first electrode; 

(c) a third electrode adjacent to said second electrode, said third electrode being in electrical connection with 
said first electrode and defining a first set of electrodes; 

(d) a fourth electrode adjacent to said third electrode, said fourth electrode being in electrical connection with 
said second electrode and defining a second set of electrodes, wherein said first electrode, said second elec- 
trode, said third electrode and said fourth electrodes define a nanopore there between; and 

(e) a first voltage source for applying voltages to said electrodes for producing an electric field for controlling 
lateral movement of said biopolymer as it translocates through said nanopore. 

2. The apparatus as recited in claim 1 , further comprising a second voltage source and a current measuring device 
in electrical connection with said first and third electrodes for monitoring quantum tunneling through said biopolymer 
and said first and third electrodes. 

3. The apparatus as recited in claim 1 , wherein said voltage source applies a direct current (DC) to at least one 
electrode. 

4. The apparatus as recited in claim 1 , wherein said voltage source applies alternating current (AC) to a least one 
electrode. 

5. The apparatus as recited in claim 1 , wherein said voltage source applies direct current (DC) and alternating current 
(AC) to a least one electrode. 

6. The apparatus as recited in claim 1 , further comprising a substrate for applying said first electrode. 

7. The apparatus as recited in claim 1 , further comprising a substrate for applying said second electrode. 

8. The apparatus of claim 1 , further comprising a substrate for applying said third electrode. 

9. The apparatus of claim 1 , further comprising a substrate for applying said fourth electrode. 

10. The apparatus of claim 1 , wherein said biopolymer is a charged polymer. 

1 1 . The apparatus of claim 1 , wherein said biopolymer is selected from the group consisting of carbohydrates, proteins, 
nucleic acids, lipids, glycans, biopolymers, proteoglycans and polypeptides. 
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12. An apparatus as recited in claim 1, further comprising a fifth electrode, a sixth electrode adjacent to said fifth 
electrode, a seventh electrode adjacent to said sixth electrode and an eighth electrode adjacent to said seventh 
e ectrode, sa.d fifth electrode being in electrical connection with said first electrode, said sixth electrode being in 
electrical connection with said second electrode, said third electrode being in electrical connection with said sev- 
enth electrode and said fourth electrode being in electrical connection with said eighth electrode, wherein each of 
sa.d electrodes are positioned adjacent to said nanopore to create a quadrupole field through the length of said 
nanopore. 3 

13. An apparatus as recited in claim 1 , further comprising a substrate having a top surface and a bottom surface said 
first electrode, second electrode, third electrode and fourth electrode being positioned on said top surface of said 
substrate. 



14. An apparatus as recited in claim 13, further comprising a fifth electrode, a sixth electrode adjacent to said fifth 
e ec rode, a seventh electrode adjacent to said sixth electrode and an eighth electrode adjacent to said seventh 
e ectrode, said fifth electrode being in electrical connection with said first electrode, said sixth electrode being in 
electrical connection with said second electrode, said third electrode being in electrical connection with said sev- 
enth electrode and said fourth electrode being in electrical connection with said eighth electrode, wherein each of 
said electrodes are positioned adjacent to said nanopore to create a quadrupole field through the length of said 

20 K^° POre ' rf Sa ^ e ' ectrode ' sixth e'ectrode, seventh electrode and eighth electrode being positioned on said 

*° bottom surface of said substrate. 

15. An apparatus as recited in claim 2, further comprising a fifth electrode, a sixth electrode adjacent to said fifth 
e ec rode, a seventh electrode adjacent to said sixth electrode and an eighth electrode adjacent to said seventh 
e ectrode, said fifth electrode being in electrical connection with said first electrode, said sixth electrode being in 
electrical connection with said second electrode, said third electrode being in electrical connection with said sev- 
enth electrode and said fourth electrode being in electrical connection with said eighth electrode, wherein each of 
sa.d electrodes are positioned adjacent to said nanopore to create a quadrupole field through the length of said 
nanopore. 



16. An apparatus as recited in claim 2, further comprising a substrate having a top surface and a bottom surface said 
first electrode, second electrode, third electrode and fourth electrode being positioned on said top surface of said 
substrate. 

17. An apparatus as recited in claim 16, further comprising a fifth electrode, a sixth electrode adjacent to said fifth 
e ectrode, a seventh electrode adjacent to said sixth electrode and an eighth electrode adjacent to said seventh 
e ectrode, said fifth electrode being in electrical connection with said first electrode, said sixth electrode being in 
electncal connection with said second electrode, said third electrode being in electrical connection with said sev- 
enth electrode and said fourth electrode being in electrical connection with said eighth electrode, wherein each of 
said electrodes are positioned adjacent to said nanopore to create a quadrupole field through the length of said 
nanopore said fifth electrode, sixth electrode, seventh electrode and eighth electrode being positioned on said 
bottom surface of said substrate. 

18. A method for preventing lateral movement of a biopolymer in a nanopore, comprising: 

(a) applying electric fields to prevent lateral movement of said biopolymer in said nanopore. 

19. A method for controlling the lateral movement of a biopolymer as it translocates a nanopore, comprising: 

(a) applying an electric field using first and second sets of electrodes to said biopolymer to prevent lateral 
movement of said biopolymer as it translocates said nanopore. 

20. A method for controlling the movement of a biopolymer as it translocates through a nanopore. comprising: 

(a) applying a DC voltage and radio frequency voltage to a first set of electrodes; 

(b) applying an opposite DC voltage and phase shifted radio frequency voltage to a second set of electrodes 
to produce an electric field between said first set of electrodes and said second set of electrodes and 

(c) controlling the movement of said biopolymer using said electric field as said biopolymer translocates said 
nanopore. 
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FIG. IB 
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FIG. 2B 
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FIG. 3 
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